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ff L I. General Introduction
E' _~ It was the possibility of making a lightweight,

practical conductor of electricity that led to the research

reported here{) Pristine graphite consists of carbon atoms
arranged in a hexagonal layered structure as shown in Figure 1.
It is a semi metal with room temperature a axis resistivity

about 23 times higher than copper (1). The weak bonding

forces between the layers allow various atomic and molecular
- species to be interstitially inserted or intercalated as
| shown in.Figure 2 for the case of a potassium intercalation
&L compound. There is an exchange of electrons between the

graphite host lattice and the intercalant which increases

the carrier concentration in the latter causing graphite
intercalation compounds (GICs) to have metallic properties,
including substantially higher electrical conductivities
than pristine graphite.

The high degree of order associated with GICs leads
to the characterization of the compounds by staging. The
stage of a compound refers to the number of graphite layers

between each two layers of intercalant as shown in Figure 3.

-
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'\ SbFg, which acts as an acceptor in GICS his been
observed to yield compounds having a axis conductivity
comparable to that of coppéifzsy. The following is a report
of an extensive investigation of the various aspects of SbF5
intercalated graphite of interest to its use as a practical

conductor.
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| Figure 1. Crystal structure of graphice.z
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é Section II deals with an IR re-investigation of E?%
i SbF5 intercalated graphite powder in an effort to expose =
; a possible fluoride constituent (CF?) which may contribute
f to a reduced electrical conductivity. Section III describes
i an effort to repeat an earlier successful experiment
producing high conductivity swaged wires. Section IV deals
l with the fundamental conduction properties of polycrystalline
h SbFs-intercalated graphite and Section V reports a basic
1 investigation of the conduction mechanisms in SbFg
? intercalated graphite crystal as influenced by temperature
i: and structural changes. In totality these investigatlons
E were conducted to provide a better understanding of
L electrical conduction of graphite intercalated with a
h typical acceptor of the strong Lewis acid type to better
E' apply these materials as practical conductors.
: Earlier work under this contract has been reported in
i "an Investigation of the Electrical Conductivity in Highly
E; Anisotropic Graphite Intercalation Compounds, Dec. 9, 1975 -
Jan. 23, 1978," by F.L. Vogel, J. Gan and T.C. Wu (11);
E: "Electrical Transport Properties of Graphite Intercalated with

(A

Antimony Pentafloride”, by T.C. Wu (2); "Assuaging Desire
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for Swaging the Wire," by S. Mendelsohn (49); which are

incorporated by reference.
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II. Investigation of Intercalated Graphite by Infrared
Spectroscopy

A. Introduction

The conductivity @ of a material can be expressed by
the equation 6 = ney where n 1is the carrier concentra-
tion, be it by electrons or holes; e is the electron
charge; and p 1is the mobility of those carriers in that
material. Anything that diminished either the concentration
or mobility naturally has a deleterious effect on the mater-
ial's conductivity. It is possible that carbon fluorination
of graphite intercalated with antimony pentafluoride (SbFs)
inhibits conductivity by reducing both carrier concentration
and mobility by the following reactiom.

C, + SbFj, —> CF + Cp; + SbFS.S
Evidence of this carbon fluorination was reported to have
been seen in infrared spectra of intercalated powders.6 In
an attempt at replicating these results, the same KBr matrix

technique was employed using SbF. intercalated graphite.

5

..........

. PRI LN AP
amata'a’a v LA ek oo Aian




T

— At e et
—"ﬁ' AR

-

—— AN 2N % 4 V'.'." CReCRERMCI
3 P PR TS LRV

r

T

TR TR AR AT PR et SR MO e e At SURN Ari et soun stu s ann v cens sl andl oL el S ol Se avan iRl el T R

B. Preparation of SbF5 Intercalated Graphite Powders

A teflon ampoule (Figure 4) is filled with a known
weight of pristine graphite powder (in this case, Superior
#2135). The ampoule is placed in a vacuum oven with its 1id
unscrewed. The powder is baked (~/150°C) and pumped on over-
night to remove adsorbed water. The oven is then purged
with an inert gas (e.g.argon) and the 1lid is quickly screwed
on and hand tightened. The ampoule is removed to an inert
atmosphere glove box, where the appropriate amount of SbF5
liquid is added using a pipette and rubber bulb. From T.C.
Wu's results? and the known densities of SbF5 and graphite,
one can calculate the necessary mixing proportions to insure
the desired staging. See Table 1.

Once the SbFS has been added to the graphite, the am-
poule is sealed and tightened gently with a wrench to insure
air-tightness. The ampoule may be placed on a mixer mill or
a roller for a period of time to allow mixing of the liquid
and powder.” After mixing, the ampoule is baked in an oven
at v150 C for a few days.

C. Characterization of Graphite Powders

In order to characterize the powder in terms of stage,

an X-ray spectrum is taken. In the glove box, a small amount

of powder is placed in a .5 mm glass capillary tube (Charles

7
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Table 1.

Stage

II

III

Mixing proportioms for
SbF5 intercalated graphite.2

m in
CmeFs

8.5-9.0
18
27
35

Volume SbFs
per gm graphite

.69 ml
.33
.22
.17
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Supper Co.). A fine steel wire is used to pack the powder
gently to the bottom of the capillary tube. After sealing
the top of the tube with silicon stopcock grease, it can be
removed from the glove box for permanent sealing. This is
done using a match or low gas flame to melt the glass just
above the graphite level to give a sample about one half inch
long.

The powder sample is placed in a camera for Debye-
Scherrer X-ray diffraction. After exposure and development
of the film, the spectrum is analyzed and the powder is
characterized using the d-spacing information gathered.

The d-spacing for SbFs intercalated graphite can be found in
T.C.Wu's thesis.z

D. Preparation of KBr Matrix Pellets

In order to run an IR spectroscopy experiment on an air-
sensitive material like SbF5 intercalated graphite, the KBr
matrix method is employed. The method involves the prepara-
tion of a pressed mixture of KBr and graphite sandwiched
between two layers of KBr. KBr is transparent in the IR
spectrum and provides a combination window, support. and

protective seal for the graphite compound.

10




The first step in this method is the same as in the
preparation of intercalated powders; that is, the drying
out of the KBr in a vacuum oven. Once the KBr is dried and
moved into an inert glove box atmosphere, the matrix is con-
structed using either of two die arrangements (Figures 5
and 6). Using an onyx mortar and pestle, ﬁhe KBr is mashed
and ground to a fine white powder; the finer the better.

The first layer is made by pressing "» 50 mg of KBr in
the die forming a clear crystal shéet covering the entire
die cross-section. A mixture of intercalated powder and
crushed KBr is prepﬁred using 1-7 mg of graphite per 100 mg
of KBr. About 100 mg of this mixture is added to the die
and pressed right on top of the first layer to form the mid-
dle of the matrix. The sample is completed by adding another
50 mg of KBr to form the other protective layer 6f the pellet.

Removing both bolts and leaving the pellet intact in
the die, the sample is taken immediately to the spectrometer
(Perkin-Elmer 224 grating model) and the IR spectrum is
recorded.

IR spectroscopy measures absorbance vs. wavelength.
The spectra show troughs which correspond to those waveiengths
at vhich absorption occurs. The frequency of these troughs
correspond to the normal vibrational modes of the chemical

11
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species present. Radiation with a frequency corresponding
to a normal mode is absorbed and either re-radiated in a
random direction or degenerated as heat. In either case,
the result is a lower transmission level for that frequency
compared to the other frequencies that do not interact.

This leads to the characteristic troughs in the IR spectrum.

E. Experimental Procedures

The first spectra taken were of pellets made entirely
out of KBr, both dried and undried, to get a working refer-
ence (see Figure 7). The trough here corresponds to a KNO,
impurity in the KBr. Pellets were prepared using SbF5 com-

pounds of stages I and II. A pellet was also prepared mix-

ing KBr with some small clear crystals that were found grow-

ing in the ampoule of the stage I powder. T
F. Results and Discussion ;:i
The first problem encountered was in preparing a pellet ';j
which had the proper graphite-to-KBr ratio. If too much i“
‘ graphite is used in the mixture or indeed if too much of the iij
mixture itself is used, the transmission of IR radiation
through the pellet will be too low to yield any reasonable
sensitivity to absorption peaks anywhere in the range. On X

the other hand, if the sample mixture is too dilute, the éf?

14
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pellet might be transparent enough, but there may not be
enough graphite for any measurable level of interaction to
occur.

This problem of finding a working mixture of KBr and
graphite leads to a more serious objection. It is not clear
that using IR spectroscopy is a valid method for determining
the nature of species that may or may not exist as inter-
calants in a graphite lattice. The question remains as to
whether the effective transmission of IR radiation through
a pellet is due to the light passing through the graphite
particles or to the light passing through the dilute pellets
along paths where the graphite is absent. A piece of 10
micron graphite foil was placed in the IR beam and registered
0% transmittance throughout the IR range employed in these
experiments (2000 - 200 em™l).

The pap¢r6 that claims evidence of CF and CFj bonding
from IR spectra of graphite powders intercalated to stage I
with SbFs attributes one of the peaks of their spectra to
Sng ions. It is not clear that this association between
the IR peaks observed and the above species is valid. As
stated earlier, there is some question as to the ability of
IR spectroscopy to give evidence of chemical species that

may or may not exist within an intercalated graphite lattice.

16
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Even if the problems of low transmission of IR radiation
through graphite are ignored, there are still objections to
the conclusions drawn in the aforementioned paper.

The peaks that are attributed to CF and CF2 vibrations

have values that are close to those for the two carbon-

WY ———

......................

fluorine compounds. However. these values are for vibrational

modes of the species when they exist in inert gas matrices.
It is not necessarily correct to assume that the vibrational
modes of CF or CF, bonds will be the same in the two situa-
tions. In one case, the molecule is relatively free from
interactions as it is suspended in an inert gas matrix. In
the other, the fluorine or fluorines are bound to a carbon
atom which is itself involved in a graphite lattice.

Following this same reasoning, those conclusions which
assigned IR peaks to SbFg ions must be re-evaluated. Once
again, even if we ignore the suggested limitations of IR
spectroscopy in these inquiries, we must question the vera-
city of linkages between vibrational modes of Sng as a free
radical and peaks in an IR spectrum of graphite. Once again,
there is no reason to assume that the modes of Sng will not
change when it is locked in a graphite lattice. There is
more reason to believe that the peak attributed to Sng
should actually be linked with the vibrations of SbF3.
17
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.. SbF3 has IR resonances at 654 cm 1

- - 0
SbF6 has one at 669 em 1.1

and 624 cm'l;

- To the accuracy of IR spec-
troscopy, a peak in this region could be mistakenly attri-

i buted to either species. émall clear crystals were found

growing in the ampoule with the stage I powder. A KBr matrix

pellet was prepared from these crystals and a very strong

1

peak was found centered about 660 cm . (See Figure 8) Many

of the X-ray diffraction spectra of SbFs-intercalated powders

R % S

show strong evidence of SbF3 crystals. Some of these spectra

were of powders that were allowed to de-intercalate.
- An attempt was made to see if the CF or CF, bonds would I
i result after a pellat was allowed to react with air over a ffj
‘ period of time. A pellet was prepared using the stage II é}f;
i powder. The initial spectrum showed evidence of the peak i::
. traditionally assigned to SbF; vibrations (Figure 9). IR 1
2 spectra were run over a period of a week, more tham enough
% time for the sample to react with air. During this period, ‘_j
¥ the spectrum did not vary significantly in any way. The i;é
% small peak around 660 cm™! remained in the entire series; _i
: in fact, if anything, it became stronger. If this peak was ':
E actually due to SbF,, it should have disappeared during this -?;
% period after the powder had time to de-intercalate. As it 721
:. did not disappear and noting that SbF; tends to be a product :E
18
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of the de-intercalation process, it is more reasonable to

assign that peak to SbF; and not SbFe .

G. Conclusions

Due to all the above mentioned objections and results,
a number of conclusions can be made. First and foremost is
the suggestion that IR spectroscopy is an invalid approach
at analyzing the intercalant species of a graphite compound.
At best, it may give evidence of molecules that result from
processes associated with the graphite compounds and which
exist either free of or on the surface of the graphite cry-
stals. With this in mind, it is reasomable to conclude that
those IR results previously attributed to SbF; ions are
actually due to SbF3, which is present either as a product
of the intercalation reaction, a product of the de-interca-
lation process, or both, The evidence of CF and CF2 bonding
in intercalated powders found in earlier research must be
assumed to show such bonding only external to the graphite
lattice. Any direct conclusions on the nature of‘Species

inside a graphite lattice should not be based on IR

spectroscopy results.
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III. Swaging Composite Wires of Copper and Intercalated
Graphite

A. Introduction

Attempts have been made at finding applications for the
enhanced electrical properties that graphite gains upon
intercalation. One of these has been in the production of
swaged composite wires comsisting of an intercalated graphite
core encased in a metal sheath. This most recent work dealt
with SbF5 as the intercalant and copper as the sheath mater-
ial. The idea is to end up with a wire which conducts elec-
tricity better tham conventional conductors, but is lighter
and uses less expensive material.

It should be stated at the onset that this effort did
not yield the desired results for reasons that will be

explained. What follows is a description of those proce-

dures that were tried. Hopefully, this will be useful as a T

reference for any future work into this problem.

B. Procedures
The single largest problem in the preparation of swaged
composite wires is the occurrence of cracks and fissures in

the copper sheath which develop during the swaging process.
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"This exposes the air-sensitive SbLF

5 intercalated graphite,
producing a useless wire. Unfortunately, those wires which
were successfully swaged to a sufficiently small size showed
resistivities, when measured with a Kelvin bridge, higher

than that for a pure copper wire.

1. Ampoule Geometry

The first task was to find a metal geometry which at
least tended to minimize the cracking problem during swaging.
This consisted mainly of varying the ID to OD ratio in the
copper ampoule. A smaller ratio meant less frequent split-
ting, but also meant that less graphite was being used in
the composite. After many attempts, the configuration shown
in Figure 10 was chosen. The ampoules made during this early
work were machined out of stock copper rod. Once the geo-
metry was decided upon, only OFHC copper rod was employed in
order to maximize the conductivity of the composite.

In the initial work done in investigating the geometry
issue, the ampoules were found to swage better if they were
filled loosely with graphite rather than packing them full
using a hammer and plunger. This method, called tap filling,
involved letting the graphite settle by tapping the ampoule

gently on the table as it is filled. Although less graphite
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was used, somewhat better success was achieved for the

swaging process.

2. Filling Techmniques

Numerous different methods were tried in the preparation
of the ampoules for the swaging process. Some of these
invglved filling the ampoule with pristine graphite powder
and then intercalating with SbFS. Others used pre-intercal-
ated powders as the filler.

The first series of experiments attempted to have the
intercalation proceed after the ampoules were filled with
pristine graphite (Superior #2001). Initially, the caps
were arc-welded to the ampoules after the ampoules were
already filled with graphite. This proved difficult as the
graphite would tend to interfere with the welding process,
often leaving the seal with leaks. To alleviate this pro-
blem, the caps were welded first and filling was dome
later. This made it pogsible to leak check the ampoules
before filling them with graphite.

After tap filling aﬁ ampoule (with typically about 2.5
gm of graphite), a small ball of fine copper wire is placed
on top followed by some pyrex glass wool. These last

two are used to prevent the graphite powder from being sucked

25
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into the vacuum line, but either or both are optional if
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caution is observed while evacuation is performed. The
ampoule is commected to the apparatus shown in Figure 11.

While being pumped on overnight, the ampoule is heated to

A ES MM AIa i alrmiy g

about 150°C to remove any water in the system.
After the drying out of the graphite is completed, the
* ampoule is sealed off and attached to a graduated cylinder ..

as in Figure 12. 1In a glove box, 1-2 ml of SbFg is added to

f the cylinder side, which is then capped with a stop-cock ——

ground glass joint commector for removal from the glove box

f back to the vacuum line.
Now on the vacuum line, the cylinder side is evacuated S

of the glove box atmosphere and the SbF5 is pumped on to re-

move unwanted absorbed gases. The cylinder and ampoule

PR

arrangement is sealed off from the vacuum line, the break-

seal is broken, and the set-up is placed in an oven (N, 140°C).

After baking for up to 600 hours is some cases, the ampoules
were crimp-sealed just below the Swagelok comnection. They
were then swaged and when possible measured for resistivity.

A second method involved half-filling the ampoules with
dried out graphite in a glove box. SbF5 was then pipetted
directly into the ampoules, followed by enough graphite to
tap fill., The ampoules were sealed with a Swagelok plug,

26




to Vacuum

/ Glass Breakseal

Fd

Kovar Glass-Metal Seal

o Metal Bellows

- Swagelok

Bl

—a to Variac

pon = ® =

Cu Ampoule
Heate - =
.“-*F——-—-—.

Figure 11. Apparatus for drying out graphite powder for swaged wires. =~ 4
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seal
— Hammer
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Cylinder

Figure 12. Apparatus for adding SbFs to graphite for swaged wires.
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removed from the glove box, and baked at 150°C for about 45
hours. Different amounts of SbF5 and graphite were used.

The third method utilized pre-intercalated SbFg graphite
powders of various stage as the filling material. The am-
poules were tap filled in a glove box and crimp-sealed for
immediate swaging.

Other procedures involved attempts at reconstructing
earlier work done by Jim Gan.11 Ampoules of OFHC copper
were machined as shown in Figure 13. Three different
methods were employed.

A. After filling an ampoule half way with dried pristine

graphite (Superior #2135) in an inert atmosphere glove
box, enough SbF5 (n, .3 ml) was pipetted in to yield a
50%-50% mixture by mass of graphite and SbFS. The
rest of the graphite powder was added and then the
ampoule was sealed. Sealing was done by adding some
copper powder and closing the opening with a plug of
solid Pb/Sn solder. The seal was secured by melting
the solder in place with a hot soldering irom.

B. After filling an ampoule half way with Graphimet 50-50,

S ' drops of SbF5 (A, .02 ml) were added before the rest

of the graphite based mixture was included. The am-

poule was sealed as in A.
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C. After filling an ampoule half way with Graphimet 50-50,
] n,.15 ml of SbF5 was added, followed by the rest of
- the Graphimet. The ampoule was sealed as in A.
i The ampoules were removed from the glove box and
immediately swaged. Besides the usual cracking problems,

the plugs slowly worked themselves out further with each

o
- reduction in the swaging process.
C. Results
g The problems of cracking and splitting of the wires
during swaging remained the largest problem. Less than 407
& of the wires were undamaged after swaging from .5'" OD to

.125" OD. Anmealing the Cu ampoules at 850 C for 1 hour
before filling did not reduce the cracking problems.

Although most of the wires showed low resistivities,
averaging about 1.9 pfi- cm, this could very well be due al-
most entirely to the copper sheath conductivity. Chemical
analysis (performed by A. Varma) of wires of .125" OD showed -
that 98-99.5% of the wire mass is copper. There is a graphite ;§i
core after swaging as can be seen by dissolving away the sheath i_i
in HC1 or HNO3. The procedures for the analysis of Sb content égﬁ

in the wires were very unreliable.
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IV. Pressing Pills
A. Introduction

Much work has been done in attempting to fabricate
wires which successfully utilize the reported high conduc-
tivities of intercalated graphite. This usually involves
the swaging or drawing into composite wires of metal
ampoules (e.g. Cu, Al, Pb) filled with an intercalated
graphite powder. During these processes, the graphite is
subjected to mechanical and thermal conditions which may
affect the nature of the intercalation.

The conductivity of intercalated graphite is highly
dependent on the type of intercalant and on the stage of
the intercalation. Besides possible affects on the inter-
calation itself, the stresses of swaging may enhance the
overall conductivity in other ways. It has been seenz’ll
that during the swaging process the particles of graphite
tend to arrange themselves with their c-axes pointing
radially. Since the conductivity of graphite in the a-axis
direction is larger than in the c-axis direction, this
orientation of the crystals enhances the overall conductivity

of a composite wire.
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It is also possible that the swaging process helps
shore up crystal boundaries and increase crystal contact
areas; thus, decreasing the number and size of recombination

sites which limit the conductivity. In order to study

some of these affects, experiments were performed pressing

into pills powders of pristine and intercalated graphites

under various conditionms. -3
B. Experimental Procedures i*?
1. Pill Geometry Considerations :14

In earlier work dealing with pressing graphite, square

pills (5 x 5 mm) were prepared in order to imitate the shape ;;J

and size of the HOPG samples that are generally used in other .,§
experiments. There were problems, however, with this geome- Qiﬁ

—
try. ' -1

First of all, presses that would yield pills of those
desired dimensions consistently were difficult to make.
They failed to retain their geometry under the stresses of

the high pressures used in the preparation of the pills.

el s
TR )
ok Bkl il

The other problem involved the fragility of square pills -
made from powders. It was difficult to get a sturdy pill

whose corners did not tend to break off.

33
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2. Press Design
For these reasons, the press was designed to make
round pills. The press itself was easier to assemble due

to its fewer parts and the pills tended to hold up better

under handling. The first press design (Figure 14) turned
out to be ineffective. The powders leaked out the bottom
when pressure was applied. The improved press (Figure 15)

[ proved to be very effective at pill production.

3. Recalibration of the Resistivity Measuring Apparatus
The change from square to round pills necessitated a

recalibration of the contactless R.F. induction apparatus

used for the resistivity measurements of the pills. This
was accomplished with a number of OFHC copper pills machined
to the desired size (i.e. 5 mm diameter). A calibration ffﬂ
constant K of .131 was found as compared to .122 for the .
square samples. Qualitatively, this makes sense as a larger
K value is expected for a geometry of smaller area. (For

an indepth discussion of this measurement technique, see

tad e

T.C. Wu's PhD dissertation, pp.24-43.) e
Since the induction apparatus has a tendency to drift
over time, it was important to check whether the AV values

were independent of thé initial and final voltages measured.
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By adjusting the fine tuning, it was possible to measure
AV for various ranges above and below the zero value., It
was found that AV was indeed independent of the initial
and final voltages over a large enough range to insure the ii;
reproducibility and compatibility of results from day to l;w

day.

4., Pill Storage

Many of the pills were prepared from intercalated
graphite powders that are air-sensitive (e.g. SbFS)._hIt ) - -
was necessary to devise a holder for these pills that -
allowed for the contactless conductivity measurements and ;;:
also insured the stability of the pills themselves. A

drawing of the design used is shown in Figure 16.

5. Pill Production Techniques

Although pressed pills were prepared in many different

wayé, these procedures usually only varied slightly. A des- :.4
cription of the procedure used for preparing pills at room 1iﬁ
temperature of air-sensitive powders is given here. Alter-
nate procedures will be explained as the individual experi-
ments are explained.

In an inert atmosphere (e.g. an argon filled glove o
box), a small amount of graphite powder (already intercalated RS
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and characterized) is placed into the press with the plunger
removed. The plunger is then inserted and the desired

pressure is applied (on a Buehler press) for a known period

 of time. The pill is removed by forcing it out with the

plunger. It is then weighed and its thickness measured with
a micrometer.

After placing the pill is the test tube (Figure 16),
the cap, which has had silicon stopcock grease applied to
insure an air-tight seal, is firmly screwed on. The sample
can now be removed from the glove box for measurement of
its resistivity on the contactless induction apparatus.

The procedure for preparation of pills from air-stable
graphites is similar, but without the requirements of an
inert atmosphere or storage in an air-tight sample holder.

The initial work involved pressing pills at room tem-
perature at various pressures for various lengths of time
using different graphites in both the pristine state and
intercalated with SbFS to different stages. These included
Superior graphites #2001, #2135, and #4735.

The #2001 powder is much coarser than the other two.
Over 507 of the #2001 passes through a 200 mesh in a typi-
cal screen analysis.12 In a similar analysis of the other
two graphites, fully 99% of the powder passes the 325 mesh
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13,14 '
screen. Samples of #2001 were mixed with SbF

5
compounds of stage I, II, III, and IV. The other graphites
were also intercalated with SbFS in a 507%.-507% mass ratio,

which gives a stage II compound.

6. Pulsed Pressure

-During one of the pills' preparation, the valve on the
Buehler press was not sufficiently tight. This resulted in
a constantly dropping pressure. To counteract this, the
pressure was periodically increased to the desired level.
The result was a pill prepared using what is here termed
pulsed pressure. It is possible that this action more
closely simulates the stresses administered to the graphite
during the swaging process. A series of pills were made
using this pulsed pressure.

In general, when the variable being tested was pres-
sure, the time of application was 30 seconds. Pressures
ranged from press readings of 1 Klb to 9 Klb. (For conver-
sion from press reading to pressure on powder see Table 2.)
When time was the variable, ranging from 15 seconds to 32

minutes, the force was fixed at 4 Klb,

40
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Table 2. Conversion table from press force o
to pressure on 5 mm diameter compacts. g

Press Force Pressure :_'

K1lb 33000 PSI 2.3 Kbar

L}
y)

66000 4.5
99000 6.8

164000 _ 11.3
197000 13.6

1

2

3 :
4 131000 9.1 R
5

6

7

230000 15.9 .
263000 18.1

T * Y o -

296000 20.4
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7. Annealing Pills
; A set of experiments were run to see what affect

annealing might have on the conductivity of prepared pills.

; Pills were made from a stage II SbF5 compound and, after
- being weighed and measured, were placed in holders similar %fﬁ

to the one shown in Figure 17. A small amount (\,1 ml) of

F SbF5 was pipetted into the test tube side of the pyrex ’;a
Eﬁ holder. After capping with a stop-cock connector, the set- .
: up was removed from the glove box and attached to a vacuum ff;
line. if;

The system was then opened to a liquid nitrogen cold ;i:

trap for about 3 minutes. At this point; the line was i“ﬁ

opened to the forepump to help remove the argon from the B

glove box as well as to boil off any non-condensable gases L

from the SbFS.

After the SbF5 ceased to boil, the stop-cock was closed

and the set-up was given time to equilibrate. After about o

5 minutes, the sample was sealed off from the apparatus in

TN

the hope that what remained was a pill made from a stage II

Sbl-'5 graphite compound in an atmosphere of SbFS vapor. The

ey
PERPRTTEY
e e

samples were then baked at various temperatures (200, 300,

and 400°C) for 24 hours. -
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A similar set of experiments were run using pills pre-
pared with an air stable graphite compound, stage III CuCl,.

These samples were pressed, weighed, and measured before

; AR AR A ORI
. A A DA DL
f

being placed on a vacuum line. The sample tubes were 21
evacuated (pumped on for 3 minutes) and sealed before being

Placed in ovens at 200 and 300°C for about 24 hours.

8. High Temperature Pressing

The first attempt at heating the powder as it was being

pressed was disasterous. Probably due to a combination of "2
the heat, pressure, and length of time both were administered, i
the graphite flowed and slipped into the gaps in the press é;i
causing the entire assembly to be fused together. In order ;;4
to save the press, the pill was sacrificed. -

In an effort to alleviate this sticking problem, a -
press set-up was used with the middle piece made entirely |

of teflon. This was unsuccessful as the pressure used was

‘4 ey 'A.‘A.A .L‘vl"

too great for the teflon to withstand. The answer to these RS

iy

problems was to use the all steel press with small teflon

spacers to keep the graphite in place.

L L
P L tete %
PPV PN,

These teflon spacers were prepared by pressing teflon
pipe tape at 8 Klb for a second or two. Typically, each

one was about .2-.3 mm thick and weighed about .0l gm.
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This solution was not without its limitations either as it
was found that the teflon itself began to flow and cause
fusing problems at press readings above 2 Klb.

With this teflon spacer method, pills were prepared
from pristine graphite #2135 as well as the stage II SbFg
graphite #2001 and stage III CuCl, graphite KS75B (75 microm
particle size). The temperature at which these pills were
heated was 175°C. The times ranged from 20 minutes (from
the time the heater was turned on to when the pressure was
relieved) to 120 minutes and the force was kept at 2 Klb.

X-ray diffraction spectra were taken to comfare the
CuCl, intercalated graphite before and aft;r‘pressing for

2
2 hours at 175°cC.

C. Results and Discussion

Tables 3 and 4 and Graphs 1-3 relate three variables:
the pressing force used in pill production, the density of
the pill compact, and its resistivity as measured with the
contactless device. These are for compacts made from various
pristine and intercalated graphite powders.

There seems to be some correlation between the compact
resistivity and the pressing force used in its preparation,

especially at the loﬁer pressure levels (Table 3). In S of
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the seven materials and/or techniques used, there is a
decrease in resistivity with increasing pressure for at
least the lowest three pressure values. In fact, the results
for the compacts made from the stage II SbFs #2001 show this
trend throughout the force range employed.

It may be that when the pressing force reaches
3-5 K1b, the compacts have already reached their limit as
far as mechanically pressing the powders can reduce their
resistivities. Noting that the stage III SbF5 #2001 has the
lowest resistivities and thus the most metallic-like proper-
ties, it may reach its pressing saturation point at a lower
pressure than the others due to its greater malleability.

It is impossible to make similar conclusions in regards
to any correlation between compact density and pressing
force from the resulﬁs in Table 4. Absolutely no trends or
patterns are obvious. This is odd, in view of the clear
pattern linking resistivity and pressure at the lower levels.

Fig. 18 shows the relationship between compact resis-
tivity and density for two different sized pristine graphite
powders, #2001 and #2135. Together they show a possible
trend towards lowered resistivity with higher density as is

expected.
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Resistivity (uf-cm)

Resistivity vs. density for pristine graphites #2001 and
u35. -
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This tendency is also suggested in Fig. 19 where the
same variables are related for compacts made from the stage
III CuC12 KS75B. The large scatter in both of these cases
makes assigning a line or a curve very difficult.

fig. 20 plots resistivity and density for compacts pre-

pared from SbF. intercalated graphite #2001 for stages I, II,

5
III. and IV. Although lines can be drawn through three of
the sets of points with some confidence, this is not the
. case for the stage II compacts.

The results from pressing compacts from stage II SbF5
#2001 at room temperature and at 4 Klb for varying lengths
of time are shown in Table 5. The lack of any clear trend
at this force level seems to substantiate the notion of a
pressure saturation level previously explained.

There are obvious indications for a dependence of
resistivity and density based on the stage of intercalation
(see Figs. 21 & 22 ). The density results are especially
nice as they follow the calculated theoretical values.15
The lower densities are expected since the compacts are

made from randomly oriented powders and are not expected

to be as dense as perfectly oriented ideal graphite crystals.
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Resistivicty (ufd-cm)

Fiq. _19. Resistivity vs. density for stage III CuCl, intercalated
graphite KS75B.
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Fig. 20 Resistivity vs. density for SbF. intercalated graphite #2001
for stages I, II, III, and 1V.
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Table 5. Compact resistivity and density
vs. time of applied pressure.

Compacts made from stage II SbF; #2001
at room temperature at 4 Klb,

Time Resistivity Densitg
(min) (uQ ~cm) (mg/mm)
.25 102:4 2.55:.04
.5 10524 2.48:.04
1.0 93:3 2.47+.04
2.0 95+2 2.60+.03
4.0 99:3 2.56+.04
8.0 10323 2.46+,03
16.0 109%3 2.50+£.03
32.0 106+3 2.51+,03
Average 103:10 2.57%,09
Values
®
5 53
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Fig. 21 Resistivity vs. stage for SbF5 intercalated graphite #2001.
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Fig. 22 ~ Density vs. stage for Sbl"5 intercalated graphite #2001.
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Comparisons of results between different powders is also
possible ( Fig. 23). It makes sense that the densities would
be higher and the resistivities lower for the #2001 powder
than for the smaller grain size #2135 or #4735. The resis-
tivities measured for the stage III CuCl, compound are 3-5 times
lower than values for pressed pristine KS75B powder recorded

by Glenn Davis in earlier work here.

1. Pulsed Pressure Results
As seen in Tables 3 and 4, the use of pulsed pressure
yielded compacts with slightly lower resistivities and

slightly higher densities than those made from the same

material by the constant pressure for half a minute method.
This seems to conform with the idea that the pulsed pressure
would allow for better rearrangement of the powder particles
due to the occasional relief of pressure during the

preparation procedure. i%%

2. Ammealing Results

When the compacts that were made from stage II SbF5

powder and annealed in an SbF5 vapor were removed from the

ovens after 24 hours, there was evidence that the powders
had de-intercalated. First of all, there was a white film

>. on the inside of each glass sample holder. This is evidence "
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8 Table 6. Compact results.

: Material Stage and Pressing Time Tsmp Resistivity Densitg

Intercalant Force (min) (°C) (uQ-cm) (mg/mm™)

™ (K1b)

) #4735 Pristine 4 .5 25 580150 1.97%.05
#2135 Pristine 4 .5 25 85090 2.04%.03

Fﬁ #2135 Pristine 2 .5 25 1020£130 2.03+.02

{_ #2135 Pristine 2 20 25 1200£200  2.01%.02

t #2135 Pristine 2 20 175 860£90 2.09%.02 _
#2001 Pristine 4 .5 25 32020 2.12t.02 : )
#4735 IT SbF, 4 .5 25 290%10 2.71%.04 Be
#2135 IT SbF, s S 25 36040 2.74+.06 fa:i
#2001 I SbF, 4 .5 25 130£20 2.734.02 :*t
#2001 IT SbF, 4 5 25 101£4 2.54¢.05 =
#2001 IT SbF, 2 525 109¢7 2.55£.07 '?f
#2001 IT SbFg 2 20 25 108+4 2.63t.05 :j?
#2001 IT SbF 2 20 175 11125 2.55¢.06 ]E
#2001 III SbFg 4 .5 25 89¢3 2.36£.05 | .i
#2001 IV SbF, 4 .5 25 1085 2.34%.02 - 4
KS75B ITI CuCl, 4 .5 25 56070 2.32¢.03 ‘ﬁﬁ
KS75B ITI CuCl, 2 .5 25 700£100 2.17¢.03 -
KS75B IIT CuCl, 2 20 25 47090 2.24%.05 ;f%
KS75B ITI CuCl, 2 20 175 340¢20 2.27+.07 "f}

]
lz:'{:%
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of HF, a common SbF5 de-intercalation product, interacting
with the pyrex. Also, the resistivities increased from the
original pre-annealing values by factors of 2-3, almost to
F levels corresponding to compacts made of pristine powders of
the same particle size.

Similar results were_gchieved when the stage III CuCl2
compacts were annealed. Deposits were seen on the tube walls
of those samples fired at 300°C, but not those at 200°C.
However, all the resistivities increased by 2% to 3% times’
their original values.

In both sets of ammealing experiments, it was assumed

o
S
v .‘1
. '..‘1
.'. )

for the calculation of the final resistivities that the

A |

' TR BRI 1
St . AT

‘ ot s RERANAN

PRI AY U RN T VRN

thickness did not change throughout the process. Given the

sometimes violent nature of the de-intercalation process,

*

this assumption may not be very valid. In any case, ammeal-

ing did not give the desired result of lower resistivities.

3. High Temperature Pressing Results

=

There was no effect on either resistivity or demnsity
caused by heating compacts as they were pressed when the
stage II SbFs pawder'was used. This is not the case with
the stage III CuClz powder as can be seen in Fiq. 23 ., There

are clear correlations between the length of time the compacts B

e
e et N
LIPS SN\
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Fig. 23 Density and resistivity ys. time of applied pressure
at high temperature (175°C).
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i were heated and pressed and the resulting densities and
resistivities.
The x-ray'diffraction spectra taken of graphite samples

before and after compact production showed no differences

at all. Since the intercalation properties of the graphite

é had not been altered, it can be concluded that heat and }’i
- pressure over time led to better orientation of the powder ';é
; particles. ili
“ -
D This settling could involve a higher degree of ordering -~ 1
;E of the c-axes of the individual particle crystals as well :é;
; as an increased contact area between powder particles. :;;
! Both of these would cause an increase in the conductivity Zi;
: of the compacts as measured with the contactless induction f;i
i‘ apparatus. iii
g There was very little change in density or resistivity s
: when pressing compacts from stage III CuCl, or pristine #2135 _

E at 2 Klb at room temperature when the time of pressing was Tl

}f increased from % minute to 20 minutes. However, there is a
substantial difference when comparing results for pressing

at 2 K1b for 20 minutes at room temperature and at 175°C.

(See Fig. 23.)
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There is something about the higher temperature which
seems to make graphite flow and settle easier. This was
noticed in the first attempt at heating when the graphite
flowed into the press fusing it togethér. This tendency to
flow when heated results in compacts of higher density and
lower resistivity when pristine #2135 or stage III CuCl2
graphites are used. On the other hand, there is no effect
evident when the compacts are prepared.from the stage II
SbF5 compound powder. This can be explained by noting the
difference in particle sizes involvedq:'

The #2001 graphite used in the SbFg compound has a

much larger particle size than the othgr two. It may be

that the additional degree of packinggand settling which ?fﬁ
- Y
results from heating these latter powdérs has already been fﬁ:

achieved in the compacts prepared at rbom temperature from
the larger size #2001 compound. The added time and heat
would then not have the desired effect on these already "

packed compacts. 'gﬁf

M

D. Conclusions % X
It is evident that particle size has the greatest
influence on the conductivity of the pressed powders. ]

Compacts made from smaller size particgg‘powder will have

K
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greater total particle surface area. The greater surface
area without necessarily greater contact area between
particles leads to a greater number of scattering sites.
This in turn causes a higher resistivity by decreasing
both carrier concentration and carrier mobility.

Only when powders are of the same size can comparisons
be made on the other factors involved in compact production.
For Sbl-"5 intercalated graphite, the best conductivities
(i.e. the lowest) were found using powders prepared for
stage III. The effects of heat and pressure over time were
more mechanical in nature than chemical. There was no
evidence that the state of the intercalation of the powders
changed during the compact production process. Rather, the

heat and pressure at times led to better packing of the

powders into denser more conductive compacts.
Due to the range of pressures that are available using
a Buehler press, only the tail end of the obvious pressure .

dependence of compact resistivities can be seen. Most of

. l' l‘ r- . !‘

the working pressur?s for the press are above the suggested
pressure saturation levels for these graphites.

On the other hand, it is also possible that the compacts
would not have been sturdy enough had they been prepared at 3[?

lower pressures. This is likely the case for the pristine ;}?
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graphites which tended not to hold together as well as the

intercalated powders.
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Investigation of Electrical Resistivity of SbF
intercalated Graphite as a Function of Tempergture
and Structure

Introduction

Of fundamental importance to the electrical conductivity
of any conducting material are the conductivity mechanisms in
the crystal itself. These are strongly influenced by
temperature and structure which makes those variables the
ones of prime concern in this study. Antimony pentafluoride
was chosen as the intercalant because the highest electrical
conductivity was reported for this compound (5, 11).

In the course of investigating the temperature
dependence of resistivity a cooling rate sensitive order-
disorder transformation was observed.

These phase transitions in graphite intercalation
compounds (GICs) are very interesting in a scientific point
of view, because the phenomenon is nearly two-dimensional.

In GICs, the in-plane structure of the graphite layer remains
the same as that of host graphite, but the in-plane structure
of the intercalant layer depends on the intercalant species
and the temperature. Order-disorder transition in GICs has
been observed in both donor compounds and acceptor compounds.
For the case of donor compounds, in addition to the in-plane
ordering (CGM or CSM), there is also inter-plane ordering
(aABAYASA...) (16, 17, 18, 19) for the intercalant layers,

where A represents the graphite layer and a,8,y and § are
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ii the intercalant layers. For acceptor compounds, the ;,j
[ intercalant layer is often disordered or liquid-like at

room temperature, and has an ordered structure at low '

- temperature (20, 21, 22). The transition to ordered behavior i:j
FI has been studied by x-ray (22), neutron (22) and electron . }
diffraction (20) and the consequences of the order-disorder .

transition have been observed in basal plane transport

»
Y

properties (23, 24) and NMR (25, 26). No single compound

has been systematically studied by a variety of techniques,

E: however. The order-disorder transition of SbFS-graphite :iﬁ
has been reported by an NMR experiment (26) on SbFg-

intercalated graphite powder, which gives the transition

oo

temperature at 190K for C27Sb5.

In these experiments, the phase transition of SbFs- j::
graphite is investigated with samples of stS-intercalated ‘;é
HOPG (Highly Oriented Pyrolitic Graphite). Three different 25;
experiments have been employed to study this phenomenon: ;;:
(1) electrical resistivity measurements; (2) differential .E
scanning calorimetric (DSC) measurements and (3) the in-plane :
structure analysis with an Energy Dispersive X-ray Diffraction ; e
(EDXD) system. All three experiments give consistent results E?
on the transition temperature. An in-plane structure of the ?
intercalant layer, which rationalizes all three measurements, ::;

is proposed.
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B. Experimental Work
1 Sample Preparation

HOPG from the Union Carbide Corporation was cut with

a diamond blade into S mm x 5 mm squares and was cleaved =
normal to the ¢ axis to a thickness of approximately ‘
0.1 - 0.2 mm. This sample geometry was chosen because the

i: r.f. induction method used to measure the resistivity of -
the samples is well calibrated for these dimensions. After

the dimensions, weight and room temperature resistivity had o

ii been recorded, the sample was loaded into the side arm of <
the h-shaped Pyrex tubing shown in Fig. 24. The two round X 1
rods attached at the diagonal corners of the 2 mm x 6 mm 2
rectangular tube enable the sample to be placed either at :;2
an angle to the glass surface for x~ray diffraction and ff;
optical reflectivity measurements of flat on the surface of ;3%
the glass tube for resistivity measurements. iii
SbF5 from Ozark Mahoning was loaded into the other arm ff?
of the h-shaped tubing inside the glove box with an argon =
gas atmosphere. After pumping out the argon gas, the tube was

sealed by a torch at the dent mark shown in Fig. 24. The T
tube was then turned upside down and the side with SbF5 was ‘
placed in a constant-temperature bath of temperature Tl while
the side containing the sample was put into a tube furnace of
temperature T,. The set-up for the intercalation process is

shown in Fig. 25.
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- STOP COCK

- -SPRING

SEALED FROM «
HERE

- 2mme8mm RECTANGULAR
TUBE

SAMPLE

FPig. 24. h-shaped Pyrex fubing for the
SbFs-HOPG intercalation process.

By controlling the temperature T1 we can control the
vapor pressure of SbFg around the sample, which in turn
determines the stage of intercalation. Figure 26 gives
the experimental data showing the stége of intercalation
plotted against Tl and T, is held at around 90°C.

Similarly by changing the reaction temperature T,, We can
control the reaction rate of the intercalation process and
thereby also control the stage of intercalation. Figure 27
shows the results of stage plotted against T, where Tl is

held at 10°C. Either method can yield a good gquality sample
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from stage 1 to stage 4. No sample with a pure stage higher
than stage 4 has been made, however, because (1) the temperature
range ('1‘1 and T2) required to obtain stage 5 is so narrow

that more accurate temperature control is necessary and

(2) the reaction rate is very slow (the reaction time is in

the range from 6 months to 1 year).
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Fig. 25. Two-temperature-zone method for
SbFS-HOPG intercalation.
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1.6 Torr.

B-2 Characterization of the Sample
a. X-ray diffraction

The stage of intercalation and the c axis repeat
distance are determined by the (00&) reflections of Mo Ka
radiation. The measurements made in situ allow us to monitor
the progress of the intercalation process and to stop the
reaction by sealing off the sample from the h-shaped tube.
Since the samples are thin enough to be comparable with the
penetration depth of the Mo Ka radiation, the diffraction
peaks indicate the purity of the sample in the intercalation

stage. Figures 28, 29, 30, and 31 are the diffraction charts

of samples of stages 1, 2, 3, and 4 respectively. The
sharpness and strength of the peaks indicate that all the

samples are single stage and of good guality. The repeat d

o r

spacing along the ¢ axis was calculated by fitting 1/D

Sac  sa’a i

e
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Fig. 29. 002 diffraction for Mo Ko
radiation on stage 2 graphite-SbFs.
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given in Table 7.

Lase s aae o s 4
e ae e

powder (27).

Table 7

against 6 with a least-squares program yielding the results

These data agree very well with the data

¥ reported previously in the literature on intercalated graphite

Resistivity and plasma frequency of SbFs-graphite

r Stage nin C,-SbFs* d® (A) Room temperature resistivity Plasma frequency
! p (U2 cm) wp (eV)
g

1 8.6-9.0 8.33- 8.37 2.90-3.50 1.85

2 ~18 11.67 -11.75 2.50 - 3.50 1.566

3 ~27 15.00-156.10 2.80-3.10 1.31

4 ~35 18.40 - 18.55 2.26 - 3.06 1.2

+ Values taken from the gravimetric messurements on the assumption that the intercalant is SbFy.
bd,, repeat d spacing along the ¢ axis.
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Fig. 30. 00L& diffraction for Mo Ka radiation
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Fig. 31. OOR diffraction for Mo Ka radiation on
stage 4 graphite-SbFs.

b. Optical reflectance experiments
As for graphite intercalated with_Ast (28) the color
of the sample is blue for stage 1 and black for all other
stages. The higher the difference between Tl and T2 during —
the intercalation process, the better is the surface for
optical measurements. Optical reflectance measurements were

made with near-normal incidence on c faces, and hence with

F WSRO I

light polarization perpendicular to the c axis (e .. ¢) of

the samples. Reflectances were measured either in situ or
after x-ray analysis had shown the sample to be a pure single
stage. The curves of stages 1-4 are shown in Fig. 32. The
plasma frequencies @p determined from the minimum in the i;
reflectance curve are listed in Table 7, fifth column. The 5ﬁﬁ

PR . e
cocara a’a d - LAl

data are in good agreement with those reported previously (29). % ]
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stages 1(—),2(--+~<+=),3(="=.=) and 4(- - -). N
c. Room temperature resistivity measurements :i;
The conventional four-point contact method for measuring T

the resistivity is not suitable for our samples because

(1) a large ¢ axis expansion (di = 8,33 X) makes it difficult

to maintain good contacts to the sample, (2) the high -
anisotropy (pc/pa > 166) (28, 30) prevents unevenly injected

current from distributing itself over reasonable sample

MR AR A

v e IR 4

‘:'.‘ STttt
s

g geometry and (3) the material to be intercalated (SbFg) R
b i)
> is corrosive. To overcome these difficulties, a ferrite core o

r.f. induction method (31) has been developed to measure the

resistivity of samples at room temperature. The system
operates at 1 kHz where, for conductivities comparable with

copper, the skin depth is about 2 ~ 3 mm which is much larger
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than the thickness of the samples. After calibrating with
a series of samples with known resistivity, we obtained an

empirical equation for the system:

kes .
b= iV (1)

where p is the resistivity of the sample in micro ohm
centimeters, k the constant of the ferrite core system
(=0.122 at 22°C. for a 5 mm x 5 mm sample), e the thickness
of the sample in millimeters, s the surface area of the
sample in square millimeters and AV the measured voltage
chany2 in millivolts.
d. Measurements of temperature dependence
of resistivity
Using the r.f. eddy current technique (32) in conjunction
with cryogenic systems, we can measure the resistivity of a
sample from 4.2 to 300 K. At low temperatures since the
empirical equation (1) holds for this system only
the constant k is different.
e. Differential scanning calorimetry (DSC)
Whenever an order-disorder phase transition occurs.in a
material, some change in the thermal properties should be

observed either in specifié heat, C_, or in enthalpy, AH,

P
on passing through the transition temperature. Differential

scanning calorimetric (DSC) measurements were used to study
the phase transition in stage one SbFs-graphite. Measurements 535
were done with a DuPont 990 Thermal Analyzer together with a

DuPont DSC Cell (catalog No. 900600-902).
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Each sample used in this experiment was weighed and
loaded into a covered pan provided with the equipment. A
special press was used to seal the pan. For air-sensitive
materials, such as SbFs-graphite, all the procedures mentioned
above were carried out inside a glove box with an inert gas
atmosphere. The seal of the pan was found to be air-tight
by checking the sample after the measurements. The sample
of stage 1 of SbFS-HOPG retained its shiny blue color as the
pan was opened. During the measurement, the sample was put
on the sample platform of the DSC Cell, with an empty pan
at the reference platform. The whole DSC cell was then cooled
down to the temperature at which the measurement was begun.
The most rapid cooling rate feasible in this system was 5
to 10 degrees per minute. Therefore, only measurements
associated with the slowly cooled case in resistivity
measurements could be made. All the measurements were done
under heating from -130° (143K) to 25° (298K) with a heating
rate of 5 degrees per minute. Three different sample pans
were measured, one empty pan, one loaded with 19.5 mg of
HOPG and one loaded with 25.7 mg of stage I SbFs-HOPG.

f. Energy dispersive x-ray diffraction (EDXD)

Even though the order-disorder phase transition has
been observed in various experiments on different acceptor
compounds, the structure of the intercalant layer in the
ordered phase and the change of the structure while the
material undergoes a phase transition are still largely

unknown. In another experiment, an Energy Dispersive X-ray
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Diffraction (EDXD) system was used to study the in-plane
structure of the intercalant layer at various temperatures.
Unlike the conventional angular-scanning diffraction source,
the EDXD method utilizes white x-radiation and a fixed
diffraction angle. At a fixed angle, the scattering vector
is proportional to the energy of the incident photon.
Therefore, the diffracted intensity spectrum (as a function
of energy) contains the same structure information as can be
obtained by conventional diffraction measurements (32, 33).
The expression for Bragg diffraction is:

2d sin 86 = n 12400 (8) (2)

)

a-—d

where d = d-spacing of the diffraction plane in R

® = incident angle of the x-ray with respect to the

diffraction plane

n = order of the diffraction

E = energy in eV.

Figure 33 is the schematic drawing of the EDXD system
used in this experiment. The tungsten target (W-target)
x-ray tube was operated at 48 kV (103 volts), with a beam
current of 14 or 20 mA (full wave). Therefore, the full
spectrum of output covers up to 48 keV. An intrinsic
germanium (Ge) detector (Princeton Gamma-Tech) was used as
the detector. A pulse pileup rejector and a pulse shaper
were added to improve the accuracy of counting at higher
counting rates. The data were fed into a multichannel pulse

height analyzer (MCA). The channel width of the MCA was
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Fig. 33. Schematic drawing of energy dispersive
x-ray diffraction (EDXD system).

usually set to 100 eV, so that 500 channels covered the
entire spectrum. The sample was loaded in a brass cell with
two beryllium (Be) windows as shown in Figure 33. Cooling
of the sample was accomplished by passing cold nitrogen
gas through the cooling tube, and fine temperature control
was achieved by a temperature controller (Lake-Shore DRC-70C)
which supplied current through the heater in the cell.

To study the in-plane structure of the intercalant
layer, the momentum transfer, a, of the x-ray is perpendicular
to the &-axis of the sample. There are two ways of arranging
the sample with respect to the incident and the diffracted
beams to satisfy this requirement: (1) the plane defined by
the incident and the diffracted beams (the plane of incidence)
is perpendicular to the &-axis (2) the plane of incidence
is parallel to the C-axis. 1In the former, the detector picks
up the reflected beam while for the latter the detector
picks the transmitted beam. For GICs it is very difficult to
obtain a large and plane a-surface (surface Il the ¢-axis) so
that method (1) is impractical. Fortunately, it is easy to
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A

prepare very thin samples for GICs so that method (2) can -

-4

be used successfully. Samples for this experiment were 2

prepared with dimensions of 8 mm x 8 mm x 0.2 mm for ease ﬁ

-

of alignment. -ad

,..f:]

The output spectrum of this experiment contained two -
kinds of peaks: (1) fluorescence peaks whose positions (in

energy) were independent of 6 (angle of the incident beam o

[

(2) Bragg peaks whose positions were dependent on 6 ]

according to Eq. (2). Therefore, as the angle was changed, ;

S

the Bragg peaks, unlike the Fluorescence peaks, would move e d

to other energies. After a series of angles was tested, ;ﬂ

R

0= 9 degrees was selected as the best position to observe ;

the structure change of the intercalant layer. ;i;
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C. Results
1. Resistivity

Figure 34 shows the results of the resistivity plotted
against the stage at room temperature for all the samples
which were measured. All the points are from samples which
X-ray analysis shows to be a pure single stage. The limits
of error correspond to the size of the circles of the data
points and the systematic errors tend to underestimate the
conductivity. Therefore in Fig. 34 the scattering of the
data points is caused by variation in individual samples
and a broken line is drawn through the maximum conductivity
to indicate the trend (28). The full circles are for the
samples used to measure the temperature dependence of
resistivity.

In. Fig. 36 we present the plot of the signal from the
1 kHz air coil r.f. system of Fig. 35 vs. the signal from the
1 kHz ferrite core :.f. system, both at 22%. a straight
line passing through the origin shows that the two systems
are perfectly comparable. Another feature of the air coil
r.f. system is that it can operate at any frequency of the
oscillator and the lock-in amplifier. The operating frequency
is determined by optimizing between the skin depth effect and
the detectable signal. The curve shown in Fig. 37 of an

HOPG sample measured to verify the system agrees very well

with the contact bridge measurements (34, 35).
Subsequent to the discovery made while making measurements

on acceptor compounds that the curves of resistivity against i;
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temperature differed according to whether the samples were 7
slowly cooled or quenched, the following procedures were gii
established. - Eﬁ;
RO,
(1) Each sample was quenched from room temperature =
)
- to 77 K, at a rate of about 50 K min~L, ¥~3
Ef (2) The sample was held at 77 K overnight to reduce '
‘: transient effects. .
r. 4
: (3) The sample was cooled to 4.2 K by transferring S
- liquid helium into the Dewar flask.
-]
."'._1
s T—1 1 T
N R . 2
/ Tl - t“-‘
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Fig. 34. Room temperature resistivity vs. stage ::
for graphite-SbFS:o, HOPG; A, natural graphite. o
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Fig. 37. Normalized resistivity vs. temperature 0

for HOPG where o is p(T) at 300 K(p0 = 40 u cm). e

-

=

(4) The temperature of the sample chamber was allowed e

to rise gradually from 4.2 to 77 K. At frequent intervals LFﬁ

the signal from the thermocouple and the conductivity signal L:j

of the sample were read simultaneously. Every 5 or 10 K the "f

coils were rebalanced after raising the sample holder 6 in f

out of set A. 3

-ﬁ.fﬂ

(5) Above 77 K a cryogenic temperature controller was e

used to control the temperature of the sample chamber. _f

Data were taken at intervals of 5 K from 77 K to room ?:j
temperature. As the sample chamber was held steady at a ii;

given temperature tne coils were balanced and the measurements ;ﬁ;

were taken. 10 - 15 min. were required to take each point. a

bv::

(6) After the sample had reached room temperature, it NN

.'.:-"j

was slowly cooled to 77 K at a rate of about 100 K n~t, ?¢i

(7) The same procedures (2) - (5) were repeated to
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measure the signal and the temperature of the sample.

ﬁ The measurements of stages 1, 2, 3 and 4 of SbFs-
intercalated HOPG are shown in Figs. 38, 39, 40 and 41

- respectively. The broken curves are plots of the resistivity
g against temperature as the sample was quenched during the

cooling procedure and the full curves are the intrinsic

FI temperature dependence of resistivity.

0.0p=—
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0 1 1 1 [ 1 /] A ' 1 -

1 h ] A
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—t
300

Fig. 38. Normalized resistivity vs. temperature
for stage 1 graphite-SbF5 where o is p(T) at

300 K (po = 3,28 uQ cm): +, slowly cooled;
¢, quenched.
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Fig. 41. Normalized resistivity vs. temperature
for stage 4 graphite-SbF. where p, is p(T) at
300 K (po = 3.21 uQ cm): "+, slowly cooled;e, quenched.

2. Differential scanning calorimeter
These results are shown in Figure 42. A broad
transition is observed for the stage 1 sample. The values
of Tz and Tu were found to be 189K and 217K, which agreed
well with the data from resistivity measurements (Table 8).

From Figure 42, the specific heat, C for HOPG and

pl
stage 1 SbFs-HOPG can be calculated using the following

expression (36).

C = 60 E - Aq (3)
P Hr e m

where Cp = gpecific heat (cal/g-oc.)
E = DSC cell calibration coefficient at the

temperature

H, = heating rate (°c. per minute)
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Fig. 42. Data of DSC measurements: (1) an empty
pa~. (2) a pan loaded with 19.5 mg HOPG and (3) a S
pan loaded with 25.7 mg stage 1 SbFS-HOPG. ——
- vy
The value of E (DSC cell calibration coefficient) is usually _x
close to 1.0 and can be determined by measuring some known o
materials. If the value E = 1.0 is used in our calculation, :T?
the values of the specific heat for HOPG and stage 1 SbFs-HOPG \?
-
will be the result shown in Figure 43. At 20°C. (293K) the ‘
value of Cp for HOPG was calculated to be 0.16 cal/g-oc., which if:
g
is very close to the handbook value of 0.17 cal/g-oc. (37). %ﬁj
_—
w o
]
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n 3. X-ray results

tf Two kinds of samples were measured, HOPG and Stage 1 “g

_; SbFs-HOPG. For the HOPG sample, the spectrum was found to ?aé

q be independent of temperature; the spectrum was the same iiﬁ
at both 295K and 165K, as seen in Figure 44. With the i;%
plane of incidence parallel to the & axis, the hko Bragg o
peaks of graphite were observed as shown in Figure 44. The ;;i

’ broad peak around 22.4 keV is the 110 peak shifted by the TU;

EJ Ka line of Ge about 2 to 3% of the original peak in intensity. 'f?

i: The peaks between 8 keV and 10 keV are peaks associated with ,;4

the fluorescence lines of tungsten (W) and the 100 peak

shifted by Ge in the detector. R

o ,

- ::i::-::i

h . bl b: 3

Fig. 44. EDXD spectrum for HOPG (both at -
165 and 295 K).
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For stage one SbFs-HOPG, the results are shown in
Figures 45 and 46 with respect to temperatures below and
above the transition temperature (Tt). In addition to the
Bragg peaks of graphite and the fluorescence lines of Sb,
W and Pb (Sb in the sample, W from the x-ray source and
Pb from the slits) there were two sets of Bragg peaks
associated with the in-plane structure of the intercalant -
layer. One set, which had the strongest peak at 20}7 keV,
lost intensity above 185K, while the other set, which had
a strong peak at 22.4 keV, remained at the same intensities
for all temperatures. Figure 8 is a plot of intensity vs.
temperature for three different peaks at 6000 seconds counting
time. The numbers 1l tol0 on the figure represent the sequence
of the data taken. The intensities of the graphite 110 peak
(32.0 keV) and the peak at 22.4 keV were independent of

temperature, but the peak at 20.7 keV underwent a sharp step

at around 185K. This indicates that there is a definite

structural change in the intercalant layer around 185K, which
was just the temperature of the anomalies observed in the .
other two experiments as seen in Table 1. Therefore, we
concluded that the phase transition in SbF -graphite was an ;i{
order-disorder process of the intercalant species. The :

detailed mechanism of this ordering process will be discussed

later.

From Figures 45 and 46, some information about the in-plane
structure of the intercalant layer could be obtained by ]
analyzing the Bragg peaks due to the intercalant layers. :

Since the whole spectrum contains the fluorescence peaks and Bt
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Fig. 46. EDXD spectrum for stage 1 SbF3-H0PG
above the transition temperature.

the Bragg peaks, it is necessary to know the locations of
the fluorescence peaks first. The major elements in our
samples are carbon (C), fluorine (F) and antimony (Sb).
Carbon and fluorine are very light atoms so that their
fluorescence lines are at very low energies (below 1 keV).
The major fluorescence lines of antimony are the Ko and Kg
lines which are located at 26.1 and 29.7 keV, respectively.
For any strong peak in the spectrum, there are peaks (about
2 to 3% of the original peak in intensity) caused by the

Ka and KB of Ge (in Ge detector). The peaks shifted by the
Ka and K8 lines of Ge are 9.9 keV and 10.1 keV below the
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_a - original energies. Since the peaks at 26.1 aad 29,7 are very

strong, there are peaks around 16.2 keV and 19.8 keV

WM R

associated with them due to the shift of the detector. The

r
2 e

- other fluorescence peaks are the Lo , Lg and Ly of tungsten

(W~target) and the La and LB of lead (from the slits) at

the energies of 8.3, 9.7, 11.2, 10.4 and 12.6 keV, respectively.
The additional peaks are associated with the in-plane structure
of the intercalant layer.

Due to the limitation of the system and the Ge detector,

the efficiency of the output spectrum is not uniform over the
whole energy range. Both in the very low energy and very
;? high energy regions, the intensity is low so that the peaks
in these regions are difficult to identify. The best region
in the whole spectrum is the region around 20 keV.

Table 9 lists the peaks from 7.0 keV to 30 keV. The
1-0 peak of graphite is buried under the peak at 19.6 keV,
so that it is difficult to tell the exact position. All the

Bragg peaks of the intercalant layer could be fitted into the

following expression with AE = 1.75 keV:

E, - nAE | (4)
where En = energy of the nth order peak

n index of the order

AE = difference in energy between nth and (n+l)th orders.
The AE = 1.75 keV corresponds to the repeat distance of about
2.65 & in real space. This structure existed both below and
above Tt' As the Figures 45 and 46 were examined closely,

the peaks at 6.9, 13.7, 20.7 and 27.6 keV were found to have

91

P SR PSSP P Wy PP ST S S PR T AT W W ST DR Ty W TR WU A g TP S-S S R VPR WP AT ST SIAE SN SHNUL U W SR VT S SOUD AP .




AD-A146 539 AN INVESTIGRTION OF THE ELECTRICAL CONDUCTI¥ITY IN 2/2
HIGHLY ORIENTED GRAPHI.. (U) MOORE SCHOOL OF ELECTRICHL
ENGINEERING PHILADELPHIA PR DEPT O..

UNCLASSIFIED DAAGS3-76-C-08861 F/G 11/2




PR

-

r. .

i L - P

: daa: )
. m_m_m_mnu—u“—u.“ Mm_____ m
EEFEER

= .

llll

AN AP A 1)

v,
p ....“
d‘ -.-
A .
r..m.
r-a., ...
f i
'& -\ L
‘v* [2 .J
o " - :
g .
ﬂv —.- .-
. s 4
o
. .- -.-
-.._‘ .... |
-. 1 .-. ‘.-.
- ; ] ..
r.u v
3 L
O ..... M
L] .». --“..
', h-
o

i X, ¢ gwr 2




different intensities below and above Tes especially the
peak at 20.7 keV which has been shown in Figure 45. These
peaks coincided with the 4th, 8th, 12th and 16th peaks of
the set which was found to exist below and above Ty

(d=23 &, AE = 1.75 keV). With the relation described by

Eq. (4), the peaks at 6.9, 13.7, 20.7 and 27.6 could be
fitted as the 1lst, 2nd, 3rd and 4th orders of a set with

AE = 6.9 keV. The peak at 20.7 keV was confirmed to be

the 3rd order for the set of the peaks, that underwent
intensity change at 'rt, by experiments with different values
of ®. Therefore, there is an ordered structure with a repeat
distance equal to 5.7 g below Tt‘

Table 8. Lists of the Peaks in EDXD Measurements for
Stage 1 SbF;-HOPG

Energies of Description
the peak
(keV)
69 Bragg peak of IL (intercalant layer)
83 La of W (tuagsten)
97 LBofW
1.2 LyofW
126 LB of Pb (lead)
137 Bragg peak of IL
15.3 Bragg pesk of IL
164 (I}(:o(&(minony)ﬂubyhd
jum)
19.6 KB of Sb shifted by Ka of Ge
27 Bragg peak of IL
24 Bragg pesk of IL
4.0 Bragg peak of IL
%3 Ka of Sb
276 Bragg peak of IL
p. 3] KB of Sb
20 (110) peak of graphite
330 Bragg peak of IL
M6 Bragg peak of IL
384 (200) peak of graphite
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Fig. 47. Temperature dependence of intensity
for three selected peaks in EDXD spectrum of
stage 1 SbFs-HOPG.

D. Discussion

The curves of resistivity against temperature for
stages 1 - 4 of SbFs-graphite have the same features with
respect to the cooling rate effect. The gquenched curve
always has an extra residual resistivity below a certain
temperature and the slowly cooled curve gives the intrinsic
temperature dependence of resistivity. To understand this
cooling rate effect better, an HOPG sample and a sample of
HOPG intercalated with nitric acid (HNO3) were measured
with the same procedures. No noticeable difference was
found between quenched and slowly cooled HOPG, which indicates
that this effect is caused by the intercalant layers. Two
samples intercalated with HNO, (one stage 2 and the other
stage 4) showed the same phenomena as SbFs-intercalated
graphite. Figures 48 and 49 are the curves of stage 2 and 4

HNO3-interca1ated HOPG. The form and temperature of transition
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; agree well with data in the literature (37, 38). Although
the hysteresis in resistivity resulting from various rates

Q of cooling has already been mentioned (39), the "freezing-in"

of an anomalously high resistive state has not been reported
previously for these compounds. The results for HOPG and

the two intercalated compounds (HNO3 and sts) indicate that
the cooling rate effect is caused by the order-disorder )
transition of the intercalant layers. For most of the acceptor

compounds the intercalant layer is disordered or liquid like

at room temperature and is frozen below a certain transition

temperature T,. During the cooling process, if insufficient
time is allowed for the intercalant to order itself, as in

the quenched case, extra scattering caused by the intercalant

accounts for the extra residual resistivity at low temperatures.
From this argument it should be possible to observe the

cooling rate effect on resistivity in most of the acceptor
compounds. The temperature at which the two curves (quenched ——
and slowly cooled) meet is associated with the order-disorder

transition temperature T_ in the intercalant layer. The

t
extra residual resistivity Ap caused by the gquenched case can ;7*
be explained by the scattering of the disordered intercalant ‘
layer due to overlap of the wavefunctions in the intercalated
and graphite layers or to strain induced by the disorder. :,ﬁ
The Tt and Ap(4.2 K) values for all compounds measured are :
listed in Table 8. 1

On close observation of the curves around T, it becomes -
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apparent that the behavior of graphite-HN03 is quite
different from that of graphite-SbFS. The intrinsic
temperature dependence (the curve for the slowly cooled

specimen), unlike the curve for the quenched specimen, is

rather smooth around the Tt value for graphite-SbFs.
However, for graphite-HN03. the curves for both the slowly
h cooled and the guenched specimen have an offset across

the T, value and the effect in the slowly cooled case is

t
even larger than that in the quenched case. The order-
disorder transition in graphite-HNO, has been shown by

x-ray (40), nuclear magnetic resonance (41) and differential

B r—rﬁ‘
XA . . .
Ve B

scanning calorimetric (42) measurements to be a first-order

phase transition. For graphite-SbP5 the transition is a very
broad phase transition which is also supported by the
differential scanning calorimetric measurements shown in
Fig. 42, T, and T are the lower and upper limits respectively
of the transition.

From Table 8 it is evident that Ty for graphite~SbF, is
more dependent on the stage than Tt for graphite-HNO3, and
Ap exhibits the same tendency. Both 'rt and Ap indicate
either that the charge carriers spread deeper into the
graphite layer or, for graphite-SbFs, that the potential of
the intercalant layer has a longer-range influence.

Even though the electronic structure of the acceptor
compounds has not been calculated, judging from the band
structure of graphite (43), the Fermi surface of the

acceptor compounds can be assumed to have cylindrical hole
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ii pockets at the corners of the hexagonal Brillouin zone (30).
- Kukkonen (44) has extended the electron-phonon scattering

theory to semimetals by considering a cylindrical Fermi

surface and has predicted a temperature dependence starting
at Ts at low temperatures, going to Tz and then becoming
linear as the temperature increases.

The qualitative analysis of the temperature dependence
of resistivity is best understood from the full curves of
stage 3 and 4 SbFs-intercalated graphite (Figs. 40 and 41l).
Both curves are similar and have four distinct regions.

(1) Below TA the temperature dependence is slightly
higher than T°.

(2) Between T

p =A<+ BT + CT2.

A and TB the curve can be expressed as

(3) Between Tg and To the curve is linear with a slope D.

(4) Above T, the curve deviates from linear.

The whole curve can be explained consistently by including
the cylindrical Fermi surface in the electron-phonon scattering.
Because of the high residual resistivity resulting from defects
or grain boundary scattering, the TS dependence at low
temperatures (region (1)) cannot be corroborated. Regions

(2) and (3), however, agree well with the '1‘2 and linear parts

of the theory. If only one cylindrical pocket exists, the
linear region should extend to room temperature. For our
case the interpocket scattering will occur because the phonon
wavevector is long enough to connect the carrier pockets at

the corners of the hexagonal Brillouin zone. Theoretical
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Table 9
Data of the Phase Transition for SbF -HOPG and
HNO, HOPG
Resistivity measurements DSCt EDXDt
Ap{42K)
Sample K TK) (0°0cm) TK TK TK
Stage | SHFs 188 s 0.9 19 it 188
Stage [I SHFs 1% 25 0.0091
Stage (Il SbFs 19 166 0.0599
Stage IV SHF;s 40 150 0.0479
Differential scammint calorimnctrs
$Energy dispersive X-ray diffraction.

calculations of interpocket scattering for high stage

CyK (45) showed that the temperature dependence deviates
from linear behavior, which agrees with our results in
region (4). The temperatures TA' TB and Tc are listed in
Table 10. From ref. 44 the temperature TB is associated
with the phonon wavevector that reaches the height of the
Fermi cylinder or the Debye wavevector. The smaller TB

for stage 4 is consistent with the longer repeat spacing
along the ¢ axis (a longer Ic implies a smaller reciprocal
vector along kc). This suggests that TB for stages 1 and 2
will be higher, if it can be measured. The temperature TC
is related to the separation of pockets which is caused by
the positive charge transfer f from the intercalant layer

to the graphite layer. A higher charge transfer will expand
the pockets and decrease the distance between pockets, so T,
will be lower. Combining both effects, the absence of a

R e
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Table 10

Parameters of the temperature dependence on resistivity
for graphite-SbFs.

Stage Ta Ty Tec A B c D
X) (X) (K) (@em) wWRemk?Y) W emK3) Wl emK?)

1 u* u u 0.408 9.0x104 2.9x10°8 u
2 40 u u 0.278 46x10°3 2.1x10°% u
3 40 140 230 0.333 3.8x10°3 2.2x10°8 0.0072
4 40 130 240 0.317 3.9x10-3 2.1x10°% 0.0068

%4, unavailable because th:ere is no linear region.

linear region in stage 1 and 2 compounds (Figs. 38 and 39)
can be explained by the hypothesis that the interpocket
scattering occurs before the end of the T2 region. Although
detailed analysis requires the phonon spectrum of these
compounds, a sufficiently accurate model can be constructed
to give us some information about the electronic structure
of acceptor compounds. From region (4) it is evident that
the temperature dependence of resistivity for interpocket
scattering is higher than linear. Thus a further increase
in £ will lower the onset temperature T.; this has the
reverse effect of lowering the room temperature resistivity.
This may explain why the minimum resistivity of graphite
intercalation compounds does not occur at stage 1.

The different resistivity values at low temperatures

_ with respect to the slowly cooled and quenched cases can be

explained as follows: for most of the acceptor compounds,
the intercalant species (at least the neutral one as shown
in later sections) are disordered or liquid-like at room

temperature, and become ordered below a certain transition
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i temperature . During the cooling procedure, if insufficient
time is allowed for the intercalant species to order, as in

the quenched case, the structure of the intercalant layer

i remains disordered. For the conductive carriers (electrons

or holes) in the graphite layer, there will be extra scattering
F due to the disordered intercalant compared with the ordefed

L ~case. The possible scattering mechanism could be due to:

(a) The carriers are scattered by the deformation
strains in the graphite layers induced by the intercalant

(b) The wave function of the conductive carriers in the
graphite layers may have some overlap with the localized wave
function of the intercalant. This makes the carriers in
the graphite layers sensitive to thé in-plane structure of
the intercalant layer.

; The Ap, (T) in the result is related to the extra scattering
mechanism induced by the disordered phase.

A possible structure proposed to explain these results
is shown in Figure 51. The "X" is the position where the
intercalant entity is fixed, while the '0O' is the position
where the intercalant entity is quite mobile above Ty Since
the molecules at the '0' positions are mobile, above Ty the

0
translation distance "X" to "X" (23A) is the only one

observed. As the temperature falls below Ter there is an

extra "O" to "O" or "O" to "X" translation to enhance the peaks

at the corresponding energies (d = 5.7 R). The order-disorder
process of the molecules at the "O" positions is the transition e
that was observed in this compound. The proposed model > i
adequately rationalizes the results listed in Table 9 since




(1) they can only be analyzed as a two-dimensional structure
and (2) SbFg tends to be polymerized to form chains. For any
two-dime.isional structure, the peaks should be indexed as the
hk0 peaks of that structure, and this is not the case of our
data. From the results, it is difficult to tell whether the
structure is commensurate or not, because all the peaks are

rather broad. Detailed analysis requires more studies on the

structure of the intercalant layer with electronic microscope
or x-ray diffraction.

o
With the inter-molecular distance of 5.7A, an estimate

.r'—,
. . i

can be made of value of m in CmeFs. Assuming the case of

close packing, the value of m is around 1ll1. The real value

could be slightly higher, because the intercalant is not
perfectly ordered. Otherwise, much stronger intensities for
the peaks and a two-dimensional structure should be observed.

However, the value of m obtained from the gravimetric

measurements was 8.7 (See Table 7 ). The discrepancy could
be explained by supposing that extra SbF5 molecules were at
boundaries and did not account for the structure analysis. '
In SbFg-graphite systems, SbFg and Sb?; were found to act -
as the intercalant species for SbFg-intercalated graphite
(46, 47, 48). With the assumptions that st5 occupies the
"O" position and st; at the "X" position in Figure 50 then - —
ionization factor in the well structured area is 25% from the :
3 to 1 ratio of the "0" to "X" positions. If the discrepancy
between m = 11 and m = 8,7 were included, and it is assumed -

that extra Sbr5 molecules in the boundaries did not contribute
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Fig. 50. Proposed in-plane structure for the 4

intercalant layer in SbF-HOPG.

to charge transfer, then the ionization factor per intercalant §

was found to be about 20%. This result agrees with the values

obtained from electronic transport measurement. The model

as whole consisting of stable SbFG- and SbF. is supported ffq

by an ESCA study of this compound wherein the peak '

attributable to the SbFy could be "pumped off" in a vacuum

environment but the SbF; peak remained (48). -
-
—
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E. Conclusion

Reported here are the synthesis techniques for Stage 1-4

SbF5 intercalated graphite and the measurement of the temperature
dependence of resistivity of all four stages. The temperature
dependence of resistivity can be explained qualifatively by
electron-phonon scattering of the highly anisotropic Fermi
surface.

A cooling rate sensitive order-disorder transformation
was observed and elucidated with three different experiments:
(1) electrical resistivity measurement; (2) DSC measurements
and (3) EDXD analysis. All three experiments give very
consistent results in the transitions temperature measured,
around 185K. The mechanism of the phase transition was
attributed to the ordering process of the neutral species
in the intercalant layers. From the EDXD analysis, in-plane

structure for the intercalant layer for stage one SbF.-HOPG

5
was proposed. The distance between the ionized intercalant

- 0
species (SbFG) was measured to be around 23A and the distance

0
between the neutral molecules (SbFs) was around 5.7A.
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